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ABSTRACT

In this study, the motion and distribution of droplets containing coronaviruses emitted by coughing of an infected
person in front of a classroom (e.g., a teacher) were investigated using CFD. A 3D turbulence model was used to
simulate the airflow in the classroom, and a Lagrangian particle trajectory analysis method was used to track the
droplets. The numerical model was validated and was used to study the effects of ventilation airflow speeds of 3,
5, and 7 m/s on the dispersion of droplets of different sizes. In particular, the effect of installing transparent
barriers in front of the seats on reducing the average droplet concentration was examined. The results showed
that using the seat partitions for individuals can prevent the infection to a certain extent. An increase in the
ventilation air velocity increased the droplets’ velocities in the airflow direction, simultaneously reducing the
trapping time of the droplets by solid barriers. As expected, in the absence of partitions, the closest seats to the

infected person had the highest average droplet concentration (3.80 x 10~ kg/m? for the case of 3 m/s).

1. Introduction

Governments worldwide are currently taking action to bring the
students back to the schools after several months of COVID-19 pandemic
closure, as they believe classrooms are an essential environment for the
social, mental, and academic development of individuals. However,
concerns still exist in ensuring safe and healthy classroom conditions
due to many uncertainties on the COVID-19 infection pathways.
Important questions that need to be addressed are how the ventilation
systems affect the spread of the virus in the classroom. Also, how to
minimize the chance for exposure. As the experimental study is chal-
lenging, computational fluid dynamics (CFD) provides a valuable tool to
simulate the virus-laden droplets’ distribution and spreading generated
by the sneezing or coughing of an infected person in the classroom.

Over the past year, several studies have been reported on the flow-
dynamic behavior of Covid-19. Bar-On et al. (2020) examined the
biology and properties of the SARS-CoV-2 virus that causes Covid-19
infection and the characteristics of a human host. According to statis-
tical results, transmission of COVID-19 in environment via aerosols,
droplets, fomites, and feces affected on the people’s health (Von Seidlein
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et al., 2020; Corburn et al., 2020; Mishra et al., 2020; Tellier et al., 2019;
Mao et al., 2020). In addition, control of overcrowding can significantly
reduce virus transmission. Asadi et al. (2020) studied the transmission of
COVID-19 by direct or indirect contact, including airborne transmission
during sneeze or cough or by physically touching infected surfaces.
Diwan et al. (2020) examined the sneezing/coughing flows considering
dry and wet conditions and included droplet evaporation using direct
numerical simulations (DNS). They simulated the process of coughing as
a turbulent jet/puff phenomenon. Kotb and Khalil (2020) used the
ANSYS-Fluent code to simulate the transmission of Covid-19 by sneezing
and coughing of an infected passenger moving inside the closed space of
an aircraft cabin. Their results showed that sneezing droplets had more
harmful effects than cough droplets, and both move long distances in-
side the cabin. Also, the faster a person moves, the more droplets are
dispersed. Dispersion of Covid-19 infected droplets emitted by sneezing
in a hospital room with three beds was investigated numerically by
Wang et al. (2021). In their ANSYS-Fluent simulations, the particle
trajectory and residence time were studied to estimate cross-infection
probability.

Ventilation systems that are commonly used change the droplet
concentration, temperature, and humidity of the indoor air
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Nomenclature

A Surface area (m?)

ACH Air change per hour ()

Cc Cunningham coefficient

Cis Vapor concentration at the droplet surface (kgmol/ms)

Ci, Vapor concentration in the bulk gas (kgmol/m?),
Nondimensional cough droplets’ average concentration

Cp Specific heat capacity (J/kg K)

d Particle’s diameter (m)

Dim Diffusion coefficient of vapor (m?/s)

Fp Drag force

g Gravitational acceleration components (m/s?)
h Convective heat transfer coefficient (W/m? K)
hgg Latent heat (J/kg)

H Height (m)

k Turbulent kinetic energy (J)

K Fluid thermal conductivity (W/m K)

ke Mass transfer coefficient (m/s)

L

Length (m)
My i Molecular weight of species i (kg/kg mol)
m Mass (kg), Mass flow rate of particles (kg/s)
N; Molar flux of vapor (kg mol/m?-s)
Nt Total nondimensional numbers of droplets
Nu Nusselt number
n Number of particles

P Pressure (Pa)

Pop Operating pressure (Pa)

R Universal gas constant

Re Reynolds number

S Source term

Sc Schmidt number

t Time (s)

T Temperature (K)

u, v, w Velocity components (m/s)

A% Velocity vector (m/s)

w Width (m)

X, Y, Z Cartesian direction

X, Y Non-dimensional Cartesian coordinates
Greek symbols

o Thermal diffusivity (m?/s)

€ Dissipation rate of the turbulent energy
p Dynamic viscosity (m2/s)

p Density (kg/m®)

T Total droplet removal time (s)
Subscripts

d Particle

sat Saturation

T Total

X, V, Z Cartesian directions

environment. Evaluation of displacement and mixed ventilation systems
and their effects on indoor air is of interest to human health and comfort
(Van Hooff et al., 2011; Gilani et al., 2016). Many studies suggest that
insufficient ventilation increases the risk of disease transmission in the
indoor environment. Studies of indoor airflow regimes, room pressuri-
zation, and filtration for hospitals and chemical laboratories where in-
fectious disease agents are handled were performed by Barbosa and
Brum (2018) and Liu et al. (2017) to find low-risk conditions. Ren et al.
(2021) studied numerical simulation of three typical ventilation strate-
gies in a prefabricated Covid-19 inpatient ward in a hospital for a range
of droplet diameters. They found that small particles move along with
the main flow streams to long distances. Many of the droplets are
removed by ventilation through the outlet(s). Large particles, however,
cannot move with the flow streams, and most large particles deposit on
solid surfaces by gravitational sedimentation in different regions of the
ward for different ventilation strategies.

Due to the lack of experimental data on the fluid dynamics of COVID-
19 infected droplets, reviewing the available simulations on spreading
the droplet through sneezing/coughing are helpful for a better under-
standing of modeling the COVID-19 transmission. Laminar, transient,
and turbulent indoor airflow significantly affect the dispersion and
transport of suspended droplets (F. Liu et al., 2020; W. Liu et al., 2020;
Liu and Chen, 2018). Furthermore, the indoor airflow becomes transient
due to human behaviors involving walking, coughing, or sneezing. The
analysis of the coughing airflow dynamics was performed experimen-
tally by Gupta et al. (2009). They examined various cough velocities
over time as a combination of gamma functions. They found that the
direction of the cough and the area of mouth opening during coughing
was not related to physiological parameters such as height, weight, and
gender. The effects of human expiratory flows on respiratory infection in
ventilated environments are investigated by W. Liu et al. (2020) and F.
Liu et al. (2020) to minimize the infection risk of breathing. Their results
indicated the large droplets deposit within a short distance and are
hardly affected by the thermal stratification; however, droplet infection
to the susceptible people could happen at close contact with the infector.
Yan et al. (2019) numerically studied the effect of the human thermal

plume on the dispersion of evaporating droplets emitted by coughing
over time. They used a three-dimensional Eulerian-Lagrangian model
and investigated the effect of temperature and humidity on droplet
evaporation. They found that the human thermal plume is significantly
affected the droplet mass fraction and local air velocity distribution.
They also reported that the droplets’ size is reduced due to evaporation,
which increases the chance that the droplets get inhaled in indoor
spaces. Redrow et al. (2011) proposed a new model to simulate sputum
droplets’ evaporation and dispersion generated by human coughs or
sneezes. They studied the effects of biological and chemical components
of sputum on their evaporation rate, velocity, and temperature. Their
results showed that droplet temperature decreases rapidly from the
human body temperature to room temperature. In another numerical
study, Li et al. (2018) used a multi-component Eulerian-Lagrangian
approach to model the evaporation and dispersion of cough droplets in
stagnant air. Their results showed that the vapor due to the supersatu-
rated humid air escaping from the airways inhibits droplet evaporation.
Zhang et al. (2017a) investigated the spreading and dispersion of cough
droplets in a conference room using a Lagrangian model. The airflow
was unsteady in their study, and gravity, drag force, and Brownian
excitation of cough droplets were taken into account. They also exam-
ined the effect of air ventilation direction and the people’s locations on
the chance of exposure.

In an experimental study by Han et al. (2013), the size distribution of
sneeze droplets expelled by twenty healthy individuals was recorded
and fitted to a nonlinear distribution of droplets over time. Zhang and
Chen (2007) compared the predictions of Eulerian and Lagrangian
models of cough droplet concentration distribution in closed spaces.
Their results showed that both models provide a reasonable prediction
under steady conditions compared to measurements, but under unsteady
conditions, the Lagrangian model performs better than the Eulerian
model. The effect of a patient’s movement on the distribution of cough
droplets was studied using the Lagrangian trajectory analysis by Guan
et al. (2014). They found that the patient’s speed of movement affects
the distribution of cough particles. Zhang et al. (2017b) numerically
studied the distribution of cough droplets in a well-ventilated
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Fig. 1. Classroom geometry and schematics. (a) Top view. (b) The 3D model without partition. (¢) The 3D model with partition.
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Table 1
Injection conditions of droplets containing COVID-19 viruses.

Diameter Particles Numbers of Injection Mass flow rate of
(pm) velocity (m/ particles time (s) particles (kg/s)
s)

0.150 10 1800 0.750 4.2413 x 1071°
1 10 1800 0.750 1.2566 x 1072
10 10 1800 0.750 1.2566 x 107
50 10 1800 0.750 1.5706 x 107
100 10 1800 0.750 1.2566 x 107%
150 10 1800 0.750 4.2413 x 107

conference room using a Lagrangian particle trajectory analysis to assess
the infection likelihood of people sitting around the conference table.
Yang et al. (2020) investigated CFD simulation of droplet dispersion
carrying viruses or bacteria in a bus. They showed droplet dispersion
changes due to gravity, ventilation airflows, upward thermal body
plume, and 85-100% of droplets deposit on surfaces.

The classroom as an environment for COVID-19 transmission among
students has attracted the attention of researchers. Abuhegazy et al.
(2020) investigated the transport of COVID-infected aerosols and their
surface deposition in a classroom. Their numerical results presented the
effects of particle size, aerosol source location, glass barriers, and win-
dows. They found that most small particles exit through the air condi-
tioning system, while large particles drop on the ground, desks, and
other surfaces in the room by gravitational sedimentation. Comparisons
of the airborne transmission by the method of Wells-Riley (Abuhegazy
et al., 2020) and computational fluid dynamics (CFD) models (Wang
et al., 2021) in a classroom with masked students for various ventilation
conditions were reported by Foster and Kinzel (2021). They found that
in the absence of forced ventilation, the two methods are in good
agreement, but large differences are observed for forced ventilation.
Curtius et al. (2021) tested four air purifiers equipped with HEPA filters
in a classroom. Their measurements and calculation demonstrated that
air purifiers potentially provide a well-suited measure to reduce the
airborne transmission of COVID-19. Finally, the configuration of a
closed space affects the distribution of COVID-19-infected droplets.
Ugail et al. (2021, 2020) proposed a design optimization methodology
that takes the dimensions and the other constraints and other re-
quirements of a given physical space to provide optimal redesign solu-
tions to minimize transmission. They used the social distancing criteria
between people and the physical spaces such as doors, windows, walk-
ways, and the variables related to the indoor airflow pattern to the
optimization design of university buildings. Banon and Banon (2020)
analyzed the seating distributing in various spaces for different uses and
room sizes with equilateral triangle-based seat patterns. For COVID-19
condition, their study may help the schools, colleges, restaurants, li-
braries, and similar built environments where the seating capacity is
crucial. With this approach, more seats are achieved in most situations,
with mean increases of 13% and peaks from 25% to 50% in some specific
circumstances.

The presented literature survey and the concerns and uncertainties
surrounding the COVID-19 suggest that more research on coronavirus
transmission in indoor spaces such as classrooms and developing stra-
tegies for reducing virus transmission are needed. The present study uses
CFD to simulate the spreading of droplets containing the COVID-19 vi-
ruses expelled by coughing of an infective person standing in a parti-
tioned and non-partitioned classroom. The turbulent airflow was
simulated using the k-¢ model. The governing equations for the flow and
particles are solved using the ANSYS-Fluent software. The effects of the
ventilation airflow speed, droplet diameters, and physical barrier on the
virus distribution and concentration are also studied. The locations in
the classroom that are safe are also identified.

Journal of Hazardous Materials 420 (2021) 126587
2. Physical model

This work has investigated the transport and dispersion of droplets
containing the COVD-19 viruses generated by coughing in a classroom
with and without partitioning under summer weather conditions. The
dimensions and the specifications of the classroom and the seats from
the top view are presented in Fig. 1(a). The studied classroom floor is 6
m wide and 8 m long and is consistent with the 1.6 m? per student
requirement of Baker (2012). In addition, the classroom’s height is 5 m,
according to the design rules of educational buildings and classrooms.
The student seating in the classrooms is with the appropriate distancing.

The 3D sketch of the simulated classroom with all considered details
is presented in Fig. 1(b) and (c). Fig. 1(b) shows a typical classroom with
no partitions, and Fig. 1(c) shows a classroom equipped with transparent
partitions for every seat. In this study, we consider a COVID-19 infected
person (with a height of 1.8 m and mouth area of 4 cm?) standing in
front of the class suddenly coughs and expels the virus-infected droplets
into the environment. The ventilation air is supplied from an intake on
the wall behind the person and exits through the open door. Other di-
mensions are: windows are 2 x 2 m?, the board is 1 x 3 m?, the plat-
formis 1.5 x 4.5 mz, seats are 0.6 x 0.6 mz, the tableis 1 x 0.6 mz, the
door is 1 x 2 /1 m?, and the supply air register (inlet) is 0.7 x 0.4 m?.
The three-sided glass partitions for each seat that are modeled have a
height of 2 m, and the wide of each side is 0.8 m (see Fig. 1(c)).

3. Mathematical model

In this study, numerical modeling of the flow dynamics of the
transmission of the COVID_19 viruses was performed in two steps. First,
a steady-state classroom’s turbulent airflow condition was simulated
used the RNG k-e model. In the second step, various size water droplets
presented in Table 1 (that could contain COVID-19 viruses) were
expelled by coughing from the mouth of the infected person standing in
front of the classroom and tracked using the Eulerian-Lagrangian
method.

3.1. Ventilation airflow modeling

The general equations of conservation of mass, momentum, and
energy for the incompressible steady airflow are given as:

9
a—‘t’+ V-(pV) =0 )
W —
T = K
pE+pV~(TV> :V~(€VT> +S; 3)
2

3.2. Turbulence modeling

The RNG k-¢ turbulence model has been used extensively for simu-
lating the airflow in indoor environments and was shown to be a suitable
model (Tsan-Hsing et al., 1995). The corresponding transport equations
for the turbulent kinetic energy k and dissipation rate ¢ are given as:

0 d 0 ok

% (pk) + 6_x, (pku;) = 0—x] |:ak Hegr a—x]:| + Gy — pe+ Sk “4)
0 0 ] O € €

Ey (pe) +()Tc,- (pew;) = b {(le Her 67]} + Cls% (Gr) — Czeﬂz —R.+S.

(5)

where Gy is the generation of turbulent kinetic energy due to the mean
velocity gradients. Here, S, and Si are user-defined source terms, and R,
is the source term from renormalization. In Egs. (4) and (5) ok and o are
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Table 2
Boundary conditions of airflow for cases 1, 2, and 3 in the absence and presence
of partitions in the classroom.

Case T inlet (°C) V inlet (m/s) T outlet (°C) P outlet (Pa)
1 17 3 35 101,325
2 17 5 35 101,325
3 17 7 35 101,325

Inlet

Outlet

y X

Fig. 2. Classroom mesh of the computational model.

Table 3
Grid independence study for Vin = 3 m/s in a classroom without partitions.

Grid Number of Volume average Volume Volume average
size grids absolute pressure average temperature (K)
(cm) (Pa) velocity (m/
s)

14 250,530 101,325.20 0.26061 290.15013

12 574,653 101,325.23 0.28432 290.15009

10 915,266 101,325.24 0.29046 290.15008

8 1,540,323 101,325.26 0.30612 290.15007

6 3,762,091 101,325.27 0.30867 290.15007

effective inverse Prandtl numbers for the turbulent kinetic energy and its
dissipation, and C;, = 1.42 and Cy, = 1.68, are model constants.

3.3. Discrete phase modeling

For a dilute concentration of droplets in the present study, the
airflow was first evaluated and then used for the particle trajectory
analysis. The trajectories of virus-carrying droplets are evaluated using
Newton’s second law in a Lagrangian framework (Wang et al., 2017,
Verma et al., 2017; Dbouk and Drikakis, 2020; Li et al., 2020). The
corresponding equation of motion is given as:

—
%:Fu(vf?d>+w+ﬂ+ﬂ 6)
dr Pa

In Eq. (6), is Saffman lift force, and is the Brownian force (Li and
Ahmadi, 1992), and Fp is the coefficient of drag force given as:

18u

= P %)

D
2K - (M)

Ce = 14+=7(1.257+04e 1 8

Here Cc is the Cunningham coefficient (Chen and Deng, 2017; Zhang

et al., 2019).
Mass flow rate of particles is presented as:
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m:(gnﬁ) X pgXn ©
t
where n and are the number and density of particles, respectively.

In this study, droplets of different sizes expelled from the mouth
(with an area of 4 cm?) due to coughing are considered. A uniform
distribution of droplet sizes from small (less than 10 pm), medium
(10-100 pm) to large (more than 100 pm) are considered. Specifically,
six droplet sizes within these ranges, as presented in Table 1, are used.
These values were selected according to the recommendations of Kotb
and Khalil (2020). The total number of droplets used was 10,800
(Redrow et al., 2011). The temperature of droplets is set to 37 °C. The
velocity of particles at the mouth is 10 m/s, and their mass flow rates are
calculated from Eq. (9). Particle injection conditions, including diam-
eter, mass flow rate, velocity, injection time, and the number of droplets,
are listed in Table 1. Effects of Brownian excitation (for droplets less
than 1 pm) are also included in the simulation.

Assumptions used in this simulation are: (1) Temperature variations
are negligible; (2) cough emits only particles/droplets; (3) droplet/
particle sizes listed in Table 1 are those after evaporation of their water
content, and there is no further evaporation (Shao et al., 2021; Nar-
ayanan and Yang, 2021; Nicas et al., 2005); (4) no-slip conditions be-
tween phases is assumed; (5) virus-infected droplets are treated as
particles; (6) student bodies and their thermal plume (due heat gener-
ation) are neglected.

For the interactions between droplets and different surfaces, the trap
condition is imposed on the solid walls, and the escape condition is used
for the inlet and outlet. According to ASHRAE, the velocity of supply air
is in the range of 500 ft/min (2.54 m/s) to 1500 ft/min (7.62 m/s).
Three velocities in this range are used in the simulation, and the results
are compared. The other boundary conditions used are velocity inlet and
pressure outlet (temperature is an initial value for outlet) that are listed
in Table 2. Furthermore, a 5% turbulence intensity at the inlet is
considered.

3.4. Numerical method

The governing equations were solved by the ANSYS-Fluent-19 code
that uses the finite volume approach. The convergence criterion was also
set to the value of 107° for the error between the two consecutive iter-
ations for all variables.

3.5. Grid independence tests

For the grid independence study, the classroom without partitions
shown in Fig. 1(b) and a supply air velocity of 3 m/s are investigated. An
unstructured tetrahedral mesh was created using ANSYS-Fluent and is
used in all simulations, as is shown in Fig. 2. Table 3 presents mesh size’s
effect on volume-average values of velocity, temperature, and pressure
in the room. This table shows that the mean velocity, pressure, and
temperature predicted using the 8 cm cell differ less than 1% from those
of the 6 cm cells. Therefore, the mesh with dimensions of 8 cm was
selected for subsequent simulations. Y+ less than 1 was considered for
mesh generation, and the total number of grids was 1,550,000.

3.6. Sensitivity to time steps

For the selected mesh with the 8 cm cells, the proper time step is
selected by studying the injection of droplets (0.150, 1, 10, 50, 100, and
150 pym according to Table 1) in the classroom in the absence of parti-
tions (Fig. 1(b)) with the supply air velocity of 3 m/s. In the present
simulation, the droplet injection time is assumed to be 0.750 s (Redrow
et al.,, 2011). A series of simulations are performed for time steps of
0.002 s, 0.001 s, 0.0005 s, and 0.00025 s, and the corresponding parti-
cle (0.150, 1, 10, 50, 100, and 150 um according to Table 1) properties
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Table 4
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Time-step independence study of volume-average particle concentration in the classroom without partitions (Vi, =3 m/s).

Time step (s) ~ Volume-average concentration at 0.5s  Volume-average concentration at 0.75s  Volume-average concentrationat 1 s  Volume-average concentration at 2 s

1.835853 x 1078
1.835904 x 1078
1.835911 x 1078
1.835911 x 108

1.829874 x 1078
1.830452 x 10~
1.830459 x 1078
1.830460 x 1078

0.002 1.224368 x 1078 1.836470 x 1078

0.001 1.224381 x 1078 1.836484 x 1078

0.0005 1.224385 x 1078 1.836487 x 1078

0.00025 1.224386 x 1078 1.836488 x 1078
Table 5

Time-step independence study of volume-average particle velocity in the class-
room without partitions

(Vin =3 m/s).
Time step Volume-average Volume- Volume- Volume-
(s) velocity at 0.5 s average average average
velocity at velocity at velocity at
0.75s 1s 2s
0.002 8.152059 x 107> 0.000110 0.000094 0.000462
0.001 8.559676 x 10~° 0.000119 0.000104 0.000476
0.0005 8.698910 x 107> 0.000122 0.000107 0.000480
0.00025 8.635018 x 107> 0.000125 0.000109 0.000481

as a function of time are evaluated. The resulting volume-averaged
concentration, velocity, and volume fraction at 0.5, 0.75, 1, and 2s
are reported, respectively, in Tables 4, 5, and 6. These tables show that
as the time step becomes smaller, the differences in the model pre-
dictions reduce. Therefore, the time step of 0.0005 for which the model
predictions are roughly the same as those for the shorter time step is
selected for the subsequence simulations.

4. Results and discussion
4.1. Validation

The present numerical model for simulation of particle motion was
validated by comparison with Li et al. (2018) for evaporation of a 10 ym
droplet expelled by the coughing at a mass flow rate (5.24 x 107! kg/s)
at the humidity of 0%. The evaporation model used is presented in
Appendixes A and B. It is assumed that the droplets leave the mouth ata
temperature of 37 °C, and the room temperature is 25 °C. Fig. 3 shows a
good agreement between the present predictions and the results of Li
etal. (2018). In addition, it is observed that the differences of the present
work with the results of Li et al. (2018) are less than 1%.

The second validation is presented for the airflow pattern in the
three-dimensional two-zone room shown in Fig. 4 studied earlier by Lu
et al. (1996). The room (L x H x W=5m x 2.4 m x3 m) is separated
using a partition in the middle with a small door opening on the
centerline of the room. The door width and height are 0.7, 0.95 m,
respectively. Also, the thickness of the partition is ignored compared
with the size of the room. A supply and exhaust diffuser with the length,
width, and height of, respectively, 1, 0.15, and 0.5 m are located on the
front and the back walls, as shown in Fig. 4. The ventilation rate is
ACH =10.26 h™. The airflow velocity vector patterns at the room
mid-section (z = 1.5 m) are simulated, and the results are shown in
Fig. 5(a). The earlier numerical study of Lu et al. (1996) is reproduced in
Fig. 5(b) for comparison. It is seen that the present prediction of the

Table 6

Present study
O Lietal. [22]

Droplet diameter (um)

100 I | IR | L
10° 10° 10" 10°
Time (s)

Fig. 3. Comparison of the result of the present study for evaporation of a 10 ym
droplet with that of Li et al. (2018).

H Partition

Fig. 4. The Schematic of the three-dimensional two-zone room (Lu
et al., 1996).

Time-step independence study of volume-average particle volume fraction in the classroom without partitions (Vi, =3 m/s).

Timestep (s)  Volume-average volume fraction at

Volume-average volume fraction at

Volume-average volume fraction at Volume-average volume fraction at

1s

2s

0.5s 0.75s
0.002 1.224347 x 10711 1.836468 x 10711
0.001 1.224378 x 10711 1.836484 x 10711
0.0005 1.224386 x 101! 1.836490 x 1011
0.00025 1.224388 x 107! 1.836491 x 10~ 1

1.835854 x 107!
1.835904 x 10711
1.835912 x 10711
1.835916 x 10~ 11

1.829875 x 10711
1.830452 x 10711
1.830455 x 1011
1.830456 x 107!




M. Mirzaie et al.

SRR EEEES- -y
s % 43 M
/M

Journal of Hazardous Materials 420 (2021) 126587

Zone 2

(@)

(b)

Fig. 5. Comparison of airflow pattern in the centerline plane (width =1.5 m) (a) present work (b) Lu et al. (1996).

velocity vector field is in good agreement with that of Lu et al. (1996).

4.2. Particle distribution

In the present study, the steady airflow in the room is evaluated using
the RNG k-e model for cooler air entering from the inlet register and
exiting the door. This is an example of a conventional classroom in Iran
and other counties. Then the dispersion of cough droplets in the room is
studied. Three different inlet air supply velocities were studied for both
non-partitioned and partitioned seats in the classroom, as shown in
Table 2.

Fig. 6 illustrates the mean turbulent velocity vector field under
steady flow conditions for different ventilation speeds. It is evident that
the supply air forms a jet that extends across the room and creates a large
circulating flow region. With the increase of the ventilation airspeed, the
jet flow and the corresponding circulating flow become stronger. Fig. 7
presents velocity magnitude contours at the mid-plane of the inlet
diffuser (y = 5 m see Fig. 2) in the classroom without and with partitions
for different inlet airflow velocities. The inlet airflow jet is clearly seen in
these figures. This figure also shows that the presence of the partitions
reduces the spreading of the inlet airflow jet and causes it to penetrate
deeper in the classroom.

The behavior of particles of different sizes one second after coughing
is illustrated in Fig. 8. Coughing generates a velocity of 10 m/s for a
duration of 0.75 s. As expected, the larger and heavier droplets (100 pm
and 150 um) tend to drop faster due to the gravitational force. But, the
smaller droplets (<1 pm) remain suspended for a longer duration and
could infect the student in the classroom.

The time variation of predicted distributions of cough droplets with
different diameters (0.150, 1, 10, 50, 100, and 150 ym according to
Table 1) emitted from the infected person’s mouth in the classroom is
shown in Fig. 9 for the case without partitions. Similarly, Fig. 10 shows
the particle distribution in the classroom with partitions. The particle
distributions at different times for cases with various ventilation airflow
velocity conditions in the classroom with and without partitions are
shown in these figures. In these figures, the distributions of emitted
particles at different times from 0.5 s to 100 s are shown. It is seen that
the ventilation airflow significantly affects the dispersion and transport
of the particle. Fig. 9 shows that for the ventilation airflow velocity of
3 m/s (Case 1), the particles seem to stay near the face up to about 1 s
and then disperses more and spreads throughout the room at t = 100 s.
The particles’ dispersion rate increases as the ventilation speed increases
to 5 m/s (Case 2) and 7 m/s (Case 3). For the latter case, the particles
disperse in the entire room at about 10 s. The concentration then be-
comes gradually more dilute as air is leaving through the open door on
the classroom side. For the ventilation speed of 7 m/s, the particle
concentration in the classroom becomes dilute at t =50s. For the
ventilation speed of 5m/s, almost all particles leave the room at
t =100 s, while for the ventilation speed of 3 m/s, there is a roughly
uniform concentration of particles in the classroom at t = 100. These

results show that the higher air exchange rate speeds up virus-laden
cough particles’ dilution rate in the classroom.

Fig. 10 for the classrooms with partitions shows that the general
trend of time variation of particle concentration is similar to Fig. 9.
However, the students sitting on chairs in the partitions seem to be
exposed to lower particle concentrations than the case in the absence of
partitions. Comparing Figs. 9 and 10, marked differences between
classrooms with and without partitions are seen. For example, at 10 s,
partitions significantly constrain the dispersion of the emitted particles
compared to the classroom without partition for all ventilation flow
rates. These trends are also seen for the ventilation speed of 3 m/s at
t =100 s and the ventilation speed of 7 m/s, respectively, at times of
10 s and 25 s after coughing.

The droplet concentration and the chance that students are infected
for different cases are studied in this section. In this study, the student
bodies’ influence was not modeled, but the average droplet concentra-
tion at each seat in the classroom is evaluated. The total droplet removal
time, 1, that when all emitted droplets (0.150, 1, 10, 50, 100, and
150 pm according to Table 1) are trapped on various surfaces or dropped
on the ground and/or exited through the open door, for the cases with or
without partitions are tabulated in Table 7. For all ventilation speeds,
the values of 7 for the classrooms with partitions are lower than the room
without partitions due to an increase in the partition surface areas that
increase particle trapping. Also, T decreases with increasing the venti-
lation airflow velocity through the supply air.

The total nondimensional numbers of droplets, Ny,, that remain
suspended in the classroom as a function of time for different ventilation
speeds are shown in Fig. 11. For the low ventilation speed of 3 m/s, for
the classroom with and without partitions, it takes longer to remove all
droplets than case 3 with the ventilation speed of 7 m/s, which needs
less time. This figure shows that for a given ventilation speed, for the
classroom with partitions, T is lower than that for the room without
partitions.

Fig. 12 shows the nondimensional cough droplets’ average concen-
tration in the classroom versus times for different ventilation speeds and
different particle sizes (0.150, 1, 10, 50, 100, and 150 pm according to
Table 1). It is seen that the mean concentration decreases with time for
various ventilation speeds. Case 1, with the low ventilation speed of
3 m/s, takes a longer time than the other cases (ventilation speeds of 5
and 7 m/s) to reach a negligible particle concentration.

To find the high and low-average droplet concentration locations in
the classroom after coughing of the infected person, the average droplet
concentration for each seat at the height of 1 m (the height of a person
sitting on a chair) as is shown in Fig. 1(b) and (c) using virtual planes at
various times for different ventilation cases are shown in Figs. 13 and 14.
As noted, before, the body of the students and the heat generated by
them are not included in the present model, but the concentrations of
droplets at different seats in the classroom are evaluated.

For example, the average droplet concentration for seat 23 in the
non-partitioned classroom for ventilation speed of 7 m/s (Case 3) at
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With partitions Without partitions

Case 1

(3 m/s)

Case 2

(5 m/s)

Case 3

(7 m/s)

Velocity Magnitude
0 1 2 &) 4 9 6 4
[m/s]
Fig. 6. Velocity vector fields in the rooms with and without partitions for different inlet airflow velocities. Case 1, 3 m/s. Case 2, 5m/s. Case 3, 7 m/s.
various times are given as: At 30 s: 1.850625 x 107°°-1.85 x 107%° = 6.26 x 10713 kg/ms.

At05s:1 x 10720.0 = 1 x 10720 kg/m?® (negligible). At 50 s: 1.8500000000001 x 107%°-1.85 x 107 =1 x 1072 kg/
Atls:2x 107201 x 10720 = 1 x 1072 kg/m® (negligible). m? (negligible).
At55:9.29 x 10716-2 x 1072° = 9.29 x 1071® kg/m°>. At 100 s: 1.8500000000001 x 107°%-1.85 x 107 =1 x 1072 kg/
At10s:1.85 x 107%9-9.29 x 10716 = 1.85 x 107%° kg/m>. m® (negligible).
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Without partitions

0 1 2 3 4 5 6 7

[m/s]

Fig. 7. Velocity magnitude contours at the mid-plane (y = 5 m see Fig. 2) of inlet in classroom with and without partitions for different inlet airflow velocities. Case

1, 3 m/s. Case 2, 5 m/s. Case 3, 7 m/s.

At 150 s: 1.8500000000001 x 107%%-1.85 x 107 =1 x 1072 kg/
m® (negligible).

The average droplet concentration of less than 1072° kg/m® is
considered negligibly small and is neglected.

Figs. 13 and 14 show that, in general, the non-partitioned seats are at
a higher average droplet concentration compared to the partitioned
seats. Seat number 3 in the non-partitioned classroom has the highest

average droplet concentration in all cases (with average droplet con-
centration of 3.61 x 107 1°kg/m>®at 50's, 1.67 x 10~ kg/m®at 5 5, and
3.80 x 10~ kg/m°® at 5, for the air supply cases of 1, 2, and 3,
respectively). The location of high-average droplet concentration seat
changes with supply air velocity for the partitioned seats. For the case of
ventilation airflow velocity of 3 m/s, the high-average droplet concen-
tration seat in terms of exposure is seat number 20 (with average droplet
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Fig. 8. Particle distribution at one second after coughing for different diameters for ventilation velocity of 5 m/s (case 2).
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Case 3 (7 m/s)

Fig. 9. Particles (0.150, 1, 10, 50, 100, and 150 um according to Table 1) dispersion for different times for cases 1, 2 and 3 without partitions.
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Fig. 10. Particles (0.150, 1, 10, 50, 100, and 150 pm according to Table 1) dispersion for different times for cases 1, 2 and 3 with partitions condition.
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Table 7

Variations of 1 for different ventilation cases for classrooms with and without
partitions and different particle sizes (0.150, 1, 10, 50, 100, and 150 um ac-

cording to Table 1).

T (s)

With partitions

Without partitions

Case 1 (3 m/s)
Case 2 (5 m/s)
Case 3 (7 m/s)

361
120.8
61.5

411.5
160
77.5

concentration of 6.29 x 1012 kg/m3 at 150 s), while for the ventilation
airflow velocity of 5 m/s and 7 m/s, it is seat number 2 (with average
droplet concentration of 1.98 x 107° kg/m> at 30 s and 2.48 x 10~°
kg/m® at 30 s, respectively). Average droplet concentration on the vir-
tual plane for the highest average droplet concentration seats of each
case at various times are presented in Fig. 15.

5. Conclusions

The flow dynamics and dispersions of droplets with different sizes
expelled by coughing of a Covid-19 infected person standing in front of a
classroom with seats with and without partitions were studied. The 3D
simulations were carried out for different ventilation airflow velocities

Journal of Hazardous Materials 420 (2021) 126587

entering through the inlet register and exiting through the open class-
room door. Based on the presented results, the following conclusions are
drawn:

1. At a given time after injection, the number of suspended droplets
generally decreases as the ventilation velocity increases from 3 m/s
to 5 m/s, and for the ventilation velocity of 5 m/s is higher than that
for ventilation velocity of 7 m/s for both classrooms with and
without partitions.

2. The time duration to reach negligible droplet concentration, T, is
longer for the classroom without-partition than that with-partition.

3. The value of t decreases with increasing the ventilation speed.

4. Average droplet concentration in the space decreases with time for
all ventilation cases. Case 1, with the lowest ventilation airspeed of
3 m/s, shows the largest average droplet concentration compared to
the other higher ventilation speeds.

5. In general, seats in the classroom with partitions are exposed to a
lower average droplet concentration than the room without parti-
tions when the infected person coughs in front of the classroom.

6. The highest average droplet concentration for the classroom
without-partition occurs at Seat 3, at 50 s, 5 s, and 5 s after coughing,
respectively, for ventilation air velocities of 3 m/s, 5 m/s, and 7 m/s.
The corresponding peak average droplet concentrations at Seat 3 are,

With partition Without partition
1 1
Case 1 Case 1
o8¢ - Case 2 L Case 2
e — Case3 —m — Case3
0.6 f+
S S
= i =
0.4 |
0.2
RN SN
wa“:imlu 1. LT | | ISR R oL [\ IOV N BT A T l. .
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
t(s) t(s)
Fig. 11. Time variation of the total nondimensional numbers of droplets (N7,,) in the classroom with and without partitions.
With partition Without partition
IS
50

t(s)

t(s)

Fig. 12. Time variation of the nondimensional cough droplets’ average concentration) in the classrooms with and without partitions.
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Fig. 13. Average droplet concentration on the virtual plane (see Fig. 1(b) and (c)) for each seat (see Fig. 1(a)) at various times for the classroom without partitions.
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Fig. 15. Average droplet concentration on the virtual plane (see Fig. 1(b) and (c)) for highest concentration seats (see Fig. 1(a)) at various times.
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Fig. B1. Comparison of droplet resident times in the absence of evaporation and with evaporation for case 2 (5 m/s).

respectively, 3.61 x 1071% kg/m® 1.67 x 107® kg/m® and
3.80 x 1078 kg/m? at the noted times.

. For the classroom with partitions at ventilation velocity of 3 m/s,
Seat number 20 has the highest level of exposure with an average
droplet concentration of 6.29 x 10712 kg/m® at 150 s after cough-
ing. For the ventilation airflow velocities of 5 m/s and 7 m/s, Seat 2
experiences the highest exposure at 30 with the peak average droplet
concentration of 1.98 x 1071% kg/m® and 2.48 x 10™° kg/m°,
respectively.

It should be emphasized that the findings of the present study were
limited to the considered cases and the assumptions made. In particular,
this study was concerned with the investigation of the dispersion and
transport of cough droplets expelled by an infected person (teacher)
standing in front of the classroom, and the exposure of students was
assessed. The dispersion and transport of cough droplets emitted by
infected students were not addressed in this study. In addition, the in-
fluence of the thermal plume generated by body heat is not included.
Such studies are left for future work.
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Appendix A

Droplet evaporation model equations that were used in validation (part 5.3) are discussed in this appendix. The vaporization rate is governed by
gradient diffusion. The flux of droplet vapor into the gas phase is related to the gradient of the vapor concentration between the droplet surface and the
bulk gas. That is,

N; = ke(Ciy — Cio) (A-1)
Here Ni is the molar flux of vapor, kc the mass transfer coefficient, Ci,s the vapor concentration at the droplet surface, and Ci, oo is the introduced

vapor concentration in the bulk gas.
The concentration of vapor at the droplet surface and the bulk gas is evaluated as,

¢, = Pulls) (A-2)
: RT,
P

Cioo = Xi—2 A-3

' RT,, (A-3)

In the above equations, psat is the partial pressure of vapor at the interface and is equal to the saturation vapor pressure, Td is the particle droplet
temperature, R is the universal gas constant, Xi is the local bulk mole fraction of species i, Pop is the operating pressure, and T is the local bulk
temperature in the gas.

The mass transfer coefficient is calculated from,

K.d,

NMAB = (A-4)

=2+0.6Re}/*Sc!/?]

im

where is the Nusselt number, Di,m is the diffusion coefficient of vapor in bulk, Sc is the Schmidt number, and dd is the particle (droplet) diameter.
The mass of the evaporating droplet is reduced according to,

my(t+ At) = my(t) — NAM,, ; At (A-5)

where Mw,i is the molecular weight of species i, md is the mass of the droplet, and Ad is the surface area of the droplet.
The droplet temperature is evaluated using the heat balance related to the sensible heat change in the droplet to the convective and latent heat
transfer between the droplet and the continuous phase. That is,

dT, dam,
dethd = hAy(To —Tp) + T:h,g (A-6)

here Cp is droplet heat capacity, h is the convective heat transfer coefficient, dmd/dt is the rate of evaporation, and hfg is the latent heat.

Appendix B

The material and characteristics of the COVID-19 virus are assumed to be the same as water. Due to the small size of viruses (150 nm), if we
considered the evaporation of virus size droplets, all droplets would evaporate. Of course, viruses are made of protein and would not evaporate. In
addition, while saliva droplets are mostly water, the droplet made of mucus contains a considerable amount of protein that would not evaporate. It is
estimated that the radius of a mucus droplet would reduce to 44% of its original radius after complete evaporation of its water content.

In Fig. B1, water droplet distribution one second after coughing for different diameters for case 2 with evaporation in a low humidity room is
compared with those without evaporation. As can be seen, the small size water droplets with diameters of 0.15, 1, 10, and 50 um completely
evaporate. Thus, in this study, the droplet evaporation phase is not included in the analysis, and the cough emitted particle sizes used in the simu-
lations are those after the evaporation of their water content. Detailed studies of evaporating droplets with heterogeneous nuclei are planned for a
future study. In such a study, water would evaporate, but the viruses and the nonvolatile compounds would remain as nuclei.
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